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Core-shell nanostructures have attracted much attention due to their unique and tunable
properties relative to bulk structures of the same materials, making core-shell nanoparticles
candidates for a variety of applications with multiple functionalities**. Intriguing magnetic
behavior can be tailored by variation of size, interface, crystal orientation, and composition,
and core-shell nanostructures with noble-metal shells yield novel optical responses’ and
enhanced electrocatalytic activity*. The immiscible Co-Cu alloy system is of particular interest,
because it combines a strong magnet (Co) with an effective conductor (Cu)’ that has a tunable
plasmonic resonance®. In this work, we present a method to synthesize Co@Cu nanoparticles
via pulsed-laser-induced dewetting of Co-Cu alloy thin films. We show that this technique
effectively synthesizes Co@Cu core-shell nanoparticles with controllable sizes ranging from
tens to several hundred nanometers. Moreover, this bottom-up self-assembly process has the
potential advantage to control the size and spacing of resultant nanoparticle arrays by
exploiting a spontaneous thin-film instability’”® that governs the liquid-phase dewetting
process (requiring no lithographic patterning) or by a confluence of lithography and self-
assembly for higher-order directed assembly””.

Self-assembled nanoparticle arrays with unique properties have been obtained via solid-
or liquid-state dewetting of metallic thin films at elevated temperatures®'*. This self-assembly
technique has the advantage of simplicity, high throughput, and low cost, resulting in
nanoparticles with correlated size and spacing due to two-dimensional (2D) thin-film

#121> and pseudo one-dimensional (1D) Rayleigh-Plateau instabilities”'. For the case

instabilities
of ultrathin quasi-infinite liquid metal films, dewetting is typically dominated by the spinodal

dewetting mechanism™®, described as rupturing of the film by amplification of unstable surface
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thermal fluctuations. This has been found to be the active mechanism during breakup of

1 and Co" films on substrates. Spinodal dewetting results in particle

ultrathin, pure Cu
spacings that are set by the fastest growing surface perturbation wavelengths, and the spatial
characteristics of the final dewet film morphology are typically correlated with the initial film
thickness to estimate an effective interface potential between the film and substrate™®'*'*. The
dewetting dynamics, however, have been largely inferred from ex situ observations of the re-
solidified metal quenched after different liquid lifetimes, as dewetting of thin metallic films
occurs over nanosecond timescales®'*. Recently, we captured in situ the dewetting dynamics of
a thin Ni film using dynamic transmission electron microscopy'?, and the time and length scales
were correlated to basic hydrodynamic theory.

When a driving force for chemical partitioning of an alloy thin film exists in tandem with
a morphological instability that induces physical partitioning (or dewetting), as illustrated in
Figure 1, ordered arrays of nanoparticles can be synthesized with fine-scale composition
modulations that potentially provide enhanced functionality. Co-Cu alloys have negligible
mutual solubility of Co and Cu below ~600 K, and the Co-Cu phase diagram displays a
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metastable liquid miscibility gap™ ™", where undercooled Co-Cu melts phase separate into a Co-
rich liquid, L1, and a Cu-rich liquid, L2. The miscibility gap is approximately symmetric about
53at.%Cu, and the critical temperature for liquid phase separation was determined to be
~100 K below the liquidus line. Based on interfacial energy considerations, L1 is typically
encapsulated by L2, and liquid Cu has been found to almost completely wet solid Co surfaces
and perfectly wet high-angle Co grain boundaries near the peritectic temperature'’ (1385 K).
Here, we have investigated the nanoscale (time and length) self-assembly of equiatomic Co-Cu

)% in order to

alloys in situ using the dynamic transmission electron microscope (DTEM
elucidate the dewetting dynamics that lead to core-shell nanoparticle formation. Based on in
situ observations of the morphological evolution during dewetting of Co-Cu thin films combined
with postmortem ex situ analyses of the resultant core-shell nanoparticles, the dewetting
mechanisms, phase separation, and particle morphology are elucidated.

Approximately equiatomic, 10-nm-thick Co-Cu thin films were sputter-deposited onto
15-nm-thick silicon nitride membranes (see Methods). Based on TEM imaging and diffraction,
the as-deposited thin films were determined to be nanocrystalline with an average grain size of
~12 nm (see Supplementary Information). Compositional analysis using energy-dispersive

spectrometry (EDS) confirmed that the films were equiatomic.



Upon pulsed-laser heating, the Co-Cu films dewet the silicon nitride substrates. Figure 2
shows time-resolved images acquired during the pulsed-laser-induced dewetting process. The
time labels in the images are the delays between the peak of the laser heating pulse and the
electron imaging pulse at the specimen (see Methods for details). The time-delay series of
images in Figure 2a and 2b were acquired from the center of the Gaussian laser heating pulse
with total deposited energies of, respectively, 4.3 and 5.2 . Inspection of these image series
indicate different mechanisms for dewetting based on the morphology and timescales of film
breakup. The approximate average particle size (diameter) and spacing for the resultant
nanoparticle arrays (see Supplementary Information) in Figure 2a and 2b are, respectively, 160
nm with a spacing of 550 nm and 105 nm with a spacing of 275 nm. While it is difficult to state
definitively the mechanism by which the films dewet, the longer timescales associated with
dewetting using lower energy (Figure 2a) are likely due to incomplete melting. Lower
temperature and a solid phase would lead to longer timescales for dewetting. Based on the
equilibrium phase diagram" and the observed morphology in the time-resolved images, it is
suggestive of a coexisting Co-rich solid phase and Cu-rich liquid phase during dewetting at
lower laser energy. It is unlikely that a completely solid-state dewetting process was active, as
the timescale for complete dewetting would be much longer than observed (<1 ps). The
morphology of this film breakup is indicative of a nucleation and growth mechanism, where
film rupturing occurred by random nucleation of holes that grew with time.

In contrast, the timescale for dewetting at higher laser energy (Figure 2b) is close to an
order of magnitude shorter (~100 ns). The film breakup observed in the time-resolved images
indicate a liquid-phase spinodal dewetting mechanism with a bicontinuous morphological
pathway.’ Assuming that the measured particle spacing represents the wavelength of maximum

growth (An,), the maximum perturbation growth rate (o) can be estimated by:

o =—— (1)

where 7y is the liquid surface energy (for which we used 1.58 J/m*?%), h, is the initial film
thickness (10 nm), v is the liquid viscosity (we used a value of 3.93 x 10 Pa-s****), and An, is the
measured particle spacing (275 nm). The spinodal timescale is then simply t,, = 1/6, for which
we calculate a value of 1., = 55 ns. This is consistent with the time-resolved images in Figure 2b,
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given that there are likely competing Rayleigh-Plateau instabilities” " that are active when the



liquid film breaks up into the intermediate rivulet morphology as well as thermocapillary and
surface tension effects that can lead to deviations from linear spinodal theory***’.

Irrespective of the laser energy and active dewetting mechanism, the resultant dewet
arrays are comprised of Co@Cu core-shell nanoparticles, as shown in the energy-filtered TEM
(EFTEM) images of Figure 2. Zero-loss images and composition maps are provided for both the
low and high laser energy time-delay series in Figure 2a and 2b (see Methods for details). A
distribution of particle sizes is evident in these images, with smaller particles being comprised
mainly of Co. The areal density of these smaller particles decreases with increased laser energy,
and this is likely attributable to lower surface mobility of both atomic species at lower
temperature and particularly of Co in the solid state (as in Figure 2a). The core-shell
nanoparticles clearly consist of a Co-rich core surrounded by a Cu-rich shell, resulting from the
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lower surface tension of liquid Cu relative to both solid and liquid Co
coexisting solid Co-rich and liquid Cu-rich phases (lower laser energy), the Cu-rich liquid will
have a lower interface energy with the silicon nitride and will wet the Co-rich solid, as has been
shown in prior studies'’. For the case of complete melting (higher laser energy), undercooling to
a temperature below the critical temperature of the liquid miscibility gap leads to
encapsulation of Co-rich L1 by Cu-rich L2 due to surface tension considerations''°. Given the
nanoscale experimental geometry and the observed timescales for dewetting, it is likely that
large undercoolings are present in the melt and the liquid is well below the critical
temperature. It has also been shown that the Co-rich L1 phase typically solidifies first'"”>, which
would again yield a solid Co-rich phase that is wet by the Cu-rich L2 liquid.

Figure 3 provides a time-delay series of images acquired at a radius of ~¥35 um from the
center of the incident laser pulse (the diameter of the region of film that dewets the substrate
upon laser heating is ~70 um) as a 10-nm-thick Co-Cu film dewets a silicon nitride substrate.
The total deposited energy was 5.2 pJ. The morphology and timescale of film breakup are again
suggestive of a coexisting Co-rich solid phase and Cu-rich liquid phase during dewetting, as in
Figure 2a, where film rupturing and dewetting occurred by nucleation and growth of holes. This
was due to the lower laser fluence at larger radii that results from the Gaussian spatial profile
of the laser pulse. In the images shown in Figure 3, the laser intensity (and thus temporal
evolution of dewetting and nanoparticle formation) varies with radial position from lower
intensity at larger radius to higher intensity at smaller radius (left to right in the DTEM images,

upper left to lower right in the EFTEM montage images). While the DTEM images show



intermediate stages of hole formation and coalescence to form pseudo-linear wire
morphologies that subsequently break up, the EFTEM images reveal the temporal evolution of
the chemical instability and core-shell nanoparticle formation. As holes nucleate and coalesce
in the film, the Co and Cu phase separate due to their mutual immiscibility, as seen in the
EFTEM composition map at larger radius. However, as is evident in the EFTEM maps, the Co-
rich phase continues to coalesce and moves to the interiors of particles and rivulets (i.e., the
Cu-rich phase surrounds the Co-rich phase), eventually resulting in Co@Cu core-shell
nanoparticles (as seen in the lower right of Figure 3). The surface energy of Cu is lower than the
surface energy of Co in both the solid and liquid phases at all relevant temperatures™® === ,
and the observed morphological evolution that results in Co@Cu core-shell nanoparticles can
be attributed to overall surface energy minimization and the short diffusion distances necessary
to form core-shell structures.

The structure of the resultant nanoparticles was evaluated using imaging and diffraction
in the TEM. Bright- and dark-field (BF, DF) TEM images and selected-area diffraction patterns
(SADP) were obtained from two observed core-shell nanoparticle morphologies, as shown in
Figure 4a and 4b, respectively. Twinning is evident in the BF and DF images of Figure 4b. Both
SADPs were acquired with the nanoparticles in a [110] zone-axis orientation relative to the
incident electron beam. The SADPs suggest single-crystalline nanoparticles, but the lattice
parameters of Cu (3.615 A) and a-Co (3.563), both fcc structures, are very similar and the
diffraction patterns overlap with a distinct crystallographic orientation relationship between
the two phases. From these diffraction patterns, the orientation relationship can be defined as:
(002)[110]c,  (002)[110]c.co. This cube-cube orientation relationship is consistent with that
of nanoscale Co precipitates found in rapidly solidified, melt-spun Co-Cu ribbons”, where
coherent interfaces are maintained between the Co precipitates and Cu matrix with a cube-
cube relationship, as well as with Monte Carlo simulations of phase separation behavior in Co-
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Cu nanoparticles™. The SADP in Figure 4b clearly shows the {111}-type twin planes, as expected
for fcc metals.

In conclusion, through a combination of morphological and chemical instabilities an
initially continuous, quasi-infinite thin film self-assembles and phase separates into Co@Cu
core-shell nanoparticle arrays. The synthesis of these nanoparticle arrays was monitored with
nanoscale spatial and temporal resolutions, which, when combined with ex situ composition

analysis, provided insight to the morphological and chemical evolution pathways leading to



core-shell nanoparticle formation. Controlling these instabilities can potentially lead to ordered
arrays of nanoparticles with enhanced functionality through directed self-assembly, and
characterization of the mechanisms that govern these dynamic self-organization processes at
the relevant spatial and temporal scales represents a key challenge toward realizing the goal of

engineering nanoscale systems and devices for a variety of technological applications.

Methods

Approximately equiatomic Co-Cu alloy films with a thickness of 10 nm were RF magnetron
sputter-deposited onto 15-nm-thick silicon nitride TEM membranes (Ted Pella, Inc., Redding,
CA). The films were co-sputtered from individual 50-cm-diameter Cu and Co targets at room
temperature and 5 mTorr Ar pressure using a flow rate of 25 sccm. To produce the equiatomic
composition, the Cu and Co sputtering rates were both calibrated to a 2 nm/min deposition
rate, which required 30 and 69 W applied to the targets, respectively.

In-situ dewetting experiments were conducted in the DTEM at Lawrence Livermore
National Laboratory operating at 200 kV in both single-shot mode'®* and Movie Mode*'. The
thermal stimulus to drive dewetting was delivered using a 1064-nm wavelength, ~15-ns pulsed
Nd:YAG laser with a Gaussian beam profile (1/e* diameter of 135 £ 5 um) incident at 45° to the
film normal. Total deposited energies of 4.3 and 5.2 u were used, corresponding to laser
fluences of ~30 and 36 mJ/cm?, respectively. The imaging electron pulses were generated at a
preset delay time relative to the laser-heating pulse. In single-shot mode, a 15-ns electron pulse
was generated using a Nd:YLF laser that was frequency quintupled to 211 nm. In Movie Mode,
photo-emitted electron pulses were generated with a fiber-based Nd:YAG laser converted to 5"
harmonic (213 nm) incident on the TEM cathode. The laser pulse train was delivered to the
TEM photocathode with precise temporal spacing and shaping, resulting in multiple photo-
emitted electron pulses of ~10° electrons. An electrostatic deflector installed beneath the
electron optics in the TEM column shifts each image to a different part of the CCD detector. The
9 images were captured in a single exposure of the CCD camera, circumventing the ~ms
temporal limit on the refresh rate of the camera. For these dewetting studies, pulse trains
consisted of 9 20-ns pulses with either 75- or 200-ns inter-pulse spacings. In both acquisition
modes, the duration of the electron pulse (15 or 20 ns) represents the temporal resolution of
the DTEM imaging experiments, and the images are time-averaged over the duration of the

electron pulse. Regardless of the DTEM acquisition mode, all time-delay image series acquired



from the center of the Gaussian laser pulse (Figure 2) must be considered as ensemble-average
pictures of dewetting, as it is difficult to capture a complete dewetting event in a single
experiment due to the associated short timescales. The time-delay image series in Figure 3 is a
single experiment.

The alloy thin films were characterized by TEM analyses before and after laser-heating
and dewetting experiments in the DTEM. TEM was conducted on a Philips CM300 FEG (S)TEM
operating at an accelerating voltage of 300 kV. The TEM is equipped with a Gatan Imaging Filter
(GIF) and an X-ray energy dispersive spectrometer (Oxford Instruments). Elemental maps were
acquired by energy-filtered TEM (EFTEM) using the Co and Cu L, 3 edges. The respective L;3
onset edges for Co and Cu are 739 and 931 eV.
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Figures

Figure 1 | lllustration of a morphological and chemical instability acting in tandem to produce
core-shell nanoparticles. When a, a thin alloy film with initial thickness, ho, is laser-heated
above the melting temperature of the alloy, b, the thin liquid film on the substrate may be
unstable to surface thermal fluctuations, causing the film to c, break up with a characteristic
spacing, A (as in spinodal dewetting). d, e, Dewetting leads to arrays of nanoparticles that can
potentially phase separate in both the liquid and solid states if a chemical driving force exists,
leading to, for example, f, core-shell nanoparticle arrays of characteristic size (r) and spatial
distribution (A). In the figure, the arrow labeled “t” corresponds to increasing time.
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Figure 2 | In situ time-resolved imaging of dewetting via two mechanisms, with associated elemental maps of resultant core-shell
nanoparticle arrays. Time-delay series of images as a 10-nm-thick Co-Cu film dewets a silicon nitride substrate. The image series in a
and b were acquired at the center of the Gaussian laser heating pulse with total deposited energies of a, 4.3 W and b, 5.2 .
Beneath each of the time-delay series are EFTEM images of the resultant core-shell nanoparticles: zero-loss image and associated
overlaid Co and Cu maps.
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Figure 3| Combine in situ time-resolved and ex situ compositional characterization revealing the temporal evolution of core-shell
nanoparticle formation. (Upper) Time-delay series of images as a 10-nm-thick Co-Cu film dewets at a radius of ~35 um from the
center of the Gaussian pulse with a total deposited energy of 5.2 pJ. (Lower) EFTEM imaging of resultant nanostructure. The center
of the Gaussian laser pulse (not in the image) is toward the lower right of the zero-loss montage image and composition map.



(b)

Figure 4 | Structural characterization of resultant core-shell nanoparticles. a, (Upper) BF TEM
image of nanoparticle in (middle) [1 0] zone-axis orientation, as shown in SADP, with (lower)
simulated SADP showing OR between fcc Cu and fcc a-Co (Cu, red; Co, blue). b, (Upper, middle)
BD and DF images of twinned nanoparticle, with (lower) SADP showing (111)-type twin planes.



